Macroautophagy is a conserved intracellular lysosomal degradative pathway, vital for the maintenance of cellular homeostasis. It is characterized by double-membrane vesicles called autophagosomes, which sequester the cytoplasmic material destined for lysosomal turnover. In a final step, autophagosomes fuse with lysosomes to release their cargo into the acidic and hydrolytic lumen of these organelles. In recent years, numerous new insights into this fusion event have been gained. Notably, many proteins implicated in autophagosome-lysosome fusion interact with members of the Atg8 protein family. Moreover, Atg8 proteins are described to have intrinsic membrane tethering and fusogenic properties themselves. Here, we summarize the current knowledge about the members of this intriguing protein family, which highlights them as possible hubs for the coordination of the final fusion stages of autophagy.
Introduction
The term autophagy describes several degradation pathways, in which cytoplasmic material is targeted for degradation to the metazoan lysosome or the yeast and plant vacuole [1] . The most well-understood autophagic process is macroautophagy, hereafter referred to as autophagy, in which the targeted components are engulfed by autophagosomes. These doublemembrane vesicles are generated from precursor membrane cisternae called phagophores or isolation membranes, which are formed and elongated by the orchestrated action of the conserved autophagy-related (ATG) proteins [1] . During the biogenesis of autophagosomes, either portions of the cytoplasm (bulk autophagy) or distinct cargo molecules (selective types of autophagy) are sequestered in the interior of these transport carriers. Ultimately, autophagosomes either fuse directly with lysosomes to expose their content to hydrolytic enzymes, or first fuse with endosomes to form intermediate compartments called amphisomes before the autophagosomal cargo reaches the lysosome [1] . Within lysosomes, the delivered cytoplasmic material is degraded into metabolites, which can be reused by the cell as building blocks for the synthesis of new macromolecules or as an energy source. Thus, autophagy is crucial for the maintenance of energy and metabolite levels, especially during starvation conditions, but also for cellular quality control and hence longevity through, for example, the removal of damaged or superfluous organelles, protein aggregates and pathogens [1] .
Central components of the ATG machinery are the members of the Atg8 protein family with the sole member Atg8 in yeast and several orthologs in metazoans (at least seven Atg8 proteins are expressed in humans) [2] . Based on amino acid sequence similarities, one can distinguish two subfamilies: the microtubule-associated protein 1 light chain 3 (MAP-LC3) protein subfamily, comprising LC3A (which has two isoforms), LC3B and LC3C; and the g-aminobutyric acid receptor-associated protein (GABARAP) protein subfamily, which includes GABARAP, GABARAPL1 and GATE-16/GABARAPL2 [2] . Structurally, all Atg8 members share a ubiquitin-like core with two extra amino-terminal a-helices [2] . Similar to ubiquitin, they are expressed as cytosolic precursor proteins and are constitutively carboxy-terminally processed by ATG4 proteases to expose conserved glycine residues [1] . These glycines are crucial for the reversible conjugation of Atg8 proteins to phosphatidylethanolamine -a process known as lipidation -at the inner and outer membrane of autophagosomes via two ubiquitin-like conjugation systems [1] . Although originally identified as proteins involved in membrane trafficking [2] , Atg8 proteins are best known for their function in autophagy. It should be noted that our main understanding of their activities in autophagy is based on the well-studied yeast Atg8 protein and the mammalian family member LC3B. The presence of numerous homologs in higher eukaryotes, however, complicates the dissection of the function of each protein family member because, in addition to redundant functions, data over the years point to additional, more specific roles for each member in autophagy and other pathways [3] . Thus, the LC3 proteins appear to be critical for the elongation of the precursor membrane, and LC3B seems to strongly promote this step. Members of the GABARAP subfamily, in contrast, have been implicated in the final maturation of autophagosomes, i.e. autophagosome closure and autophagosome-lysosome fusion [4] [5] [6] . Recent studies also suggest a possible role for Atg8 proteins in the degradation of the inner membranes of autophagosomes after their fusion with lysosomes, since deletion of the E2-like conjugating enzyme ATG3 considerably delays this step [7] . Furthermore, Atg8 proteins play a pivotal role during selective types of autophagy by interacting with specific autophagy receptors that recognize the cargo material for exclusive sequestration within the growing phagophore [8] . Interestingly, Atg8 proteins have a certain specificity towards distinct autophagy receptors, which results in different selective types of autophagy [3, 8] . Interactions between receptors or other autophagy-related proteins with Atg8 proteins are mostly mediated by the canonical LC3-interacting region (LIR) motif, which has a core consensus sequence (W/F/Y)-X 1 -X 2 -(L/I/V) that is often flanked by negatively charged amino acid residues [8] . This motif binds the amino terminus and two hydrophobic pockets within the ubiquitin-like core of the Atg8 proteins [8] . Structural and mutagenic analyses highlighted differences between the LC3 and GABARAP protein subfamilies in this region, which forms a distinct microenvironment for LIR-motif-containing proteins to interact with the various Atg8 proteins more selectively [8] [9] [10] . Additionally, studies showed that the amino acids at position X 1 and (L/I/V) of the LIR are critical in providing specificity for either the GABARAP or the LC3 protein subfamily [9] , and phosphorylation in the vicinity of the LIR as well as the lipidated state of the Atg8 proteins can change the binding preference [8] .
After a large part of the ATG machinery is released and the formation of an autophagosome is complete, the enclosed material is delivered into the lysosomal lumen. This step requires the fusion of the outer autophagosomal membrane with the lysosome, a process that relies on various factors such as Rab GTPases, tethering factors, soluble N-ethylmaleimide-sensitive-factor attachment receptors (SNAREs) and other auxiliary proteins. Rab GTPases exist in two states, an inactive cytosolic GDP-bound form and a membrane-anchored active GTPbound form [11] . To fulfil their cellular functions, Rab GTPases are recruited to organelles and GTP loaded, which then allows them to influence vesicle transport and/or membrane fusion via their interaction with so-called downstream effector proteins, like tethering factors [11] . As well as bridging the opposing membranes, these tethers can be considered to be integral parts of the fusion machinery, as they not only bind SNAREs but also promote fusion [12] . SNAREs are soluble or membrane-bound proteins, and assemble into stable four-a-helix bundles to tightly connect adjacent membranes and catalyze their fusion [13] . According to the contribution of glutamines vs arginines in these a-helices to the formation of the complex, SNAREs can be categorized into Q a , Q b , Q c and R-SNAREs, therefore resulting in Q abc R bundles. Moreover, Q bc -SNAREs exist, which provide two a-helices to these bundles [13] . After each fusion event, the SNARE complex needs to be disassembled by N-ethylmaleimide-sensitive factor (NSF) in cooperation with its cofactor, the alpha-soluble NSF attachment protein (a-SNAP) [13] . NSF and a-SNAP may also be involved in SNARE priming prior to fusion, i.e. to bring SNAREs into a binding-competent state [13] . SNARE-mediated fusion is enhanced by auxiliary factors, such as calcium, lipids, lipid-or membranemodifying proteins and Sec1/Munc18 (SM) proteins. These factors often engage or modulate fusion-relevant proteins or influence the membrane curvature to increase membrane proximity and disturb the lipid bilayer, in order to reduce the energy barrier for lipid mixing during fusion [14] . SM proteins are either an integral part of tethering complexes, like the homotypic fusion and protein sorting (HOPS) complex, or are associated with these complexes, and these proteins are an essential part of the physiological fusion machinery, for example by orchestrating trans-SNARE assembly and increasing the fusion rate [12, 13] .
In this minireview, we will introduce proteins involved in autophagosome-lysosome fusion with a particular focus on those interacting with Atg8 proteins. Further, we will also discuss the possible role of the intrinsic fusogenic capacity of Atg proteins in this fusion event.
The Core Fusion Machinery in AutophagosomeLysosome Fusion The Rab GTPase RAB7 and its yeast counterpart Ypt7 are essential for late endosome/lysosome fusion events and are recruited to the limiting membrane of the involved vesicular structures and compartments [11] . Recruitment of RAB7/Ypt7 to membranes and its activation are triggered by the dimeric RAB7/ Ypt7-specific guanine nucleotide exchange factor (GEF) complex Mon1-Ccz1 [15] . Recently, it has been demonstrated that the yeast Mon1-Ccz1 complex has at least two functional LIR motifs in Ccz1, which target this GEF to autophagosomes, thus promoting Ypt7 recruitment and subsequent fusion with the vacuole [16] (Figure 1) .
In its activated GTP-bound form, RAB7/Ypt7 associates with several effectors and regulates a multitude of endocytic, autophagic and lysosomal functions, including trafficking, maturation, lysosomal biogenesis and maintenance, as well as fusion [11] . Hence, deficiency of either RAB7/Ypt7 or Mon1-Ccz1 impairs autophagosome fusion with the lysosome [17] [18] [19] . Ypt7 deletion also reduces the recruitment of the HOPS tethering complex to vacuoles [20] . This heterohexameric complex consists of the class C core subunits Vps11, Vps16, Vps18, Vps33, and the HOPSspecific subunits Vps39 and Vps41 [11] . The interaction of the HOPS complex with RAB7/Ypt7 and phosphoinositides (i.e. phosphatidylinositol-3-phosphate and phosphatidylinositol-3,5-biphosphate) on both lysosomal and endosomal/autophagosomal membranes promotes its tethering function [13] . Notably, in Caenorhabditis elegans, the LC3 ortholog LGG-2 interacts with the HOPS subunit VPS-39 in yeast two-hybrid assays [21] and might thereby provide another binding site on autophagosomes for the HOPS complex. Once recruited, the HOPS complex brings the opposing membranes into close proximity and enhances the assembly of SNARE proteins present on the different membranes into trans-SNARE complexes [13] (Figure 1 ). The HOPS complex also seems to protect newly assembled trans-SNARE complexes from premature disassembly [13] . Importantly, due to its size, the HOPS complex induces membrane curvature stress and, together with the trans-SNARE complex, drives the transition of hemifused membranes to their fully fused state [12] .
In mammals, the SNAREs responsible for autophagosome fusion are the lysosomal R-SNARE VAMP8, and the autophagosomal Q a -SNARE syntaxin 17 (STX17) and Q bc -SNARE synaptosomeassociated protein 29 (SNAP-29) [22] . The autophagosomal SNAREs STX17 and SNAP-29 are recruited to autophagosomes just before or just after autophagosome closure [7] . The recruitment of STX17 onto the autophagosomal membranes depends on glycine zipper-like motifs in its unique carboxy-terminal domain [22] . Once incorporated into the membrane, STX17 recruits the cytosolic SNARE SNAP-29 and the resulting complex appears to be stabilized by ATG14L [23] , which also increases the fusogenic capacity of the SNARE complex [23] . Interestingly, the population of STX17 localized to the endoplasmic reticulum (ER) is also essential for the recruitment of ATG14L to mitochondria-ER contact sites to facilitate autophagosome biogenesis [24] . It should be noted that other mammalian autophagosomal SNAREs likely exist, since deletion of STX17 does not impair Parkin-dependent mitophagy [5] . The Q b -SNARE VTI1B was suggested to be present on autophagosomes during a selective type of autophagy and its depletion causes autophagosome accumulation [25] .
The corresponding yeast SNAREs involved in autophagosomevacuole fusion have so far been defined as the Q a -SNARE Vam3, the Q b -SNARE Vti1, the Q c -SNARE Vam7 and the R-SNARE Ykt6 [26] , although their precise topology remains to be established. Moreover, the predominantly ER-localized Q a -SNARE Ufe1 has also been implicated, but its exact contribution is still unclear [27] . In general, the fact that SNAREs control other upstream fusion events does not always make it straightforward to determine their direct role in autophagosome-lysosome fusion.
As mentioned above, NSF and a-SNAP disassemble the resulting cis-SNARE complex after fusion. A recent study has provided new insight into the dependency of autophagosomelysosome fusion on a-SNAP [28] , reporting that this protein, together with NSF, might promote SNARE priming. Depletion of a-SNAP results in an accumulation of autophagosomes without influencing the recruitment of STX17 [28] , in agreement with an earlier study in yeast in which inactivation of the counterparts of these two factors, i.e. Sec17 and Sec18, resulted in the accumulation of autophagosomes in the cytoplasm [29] . Interestingly, GABARAP can interact with NSF [30] and consequently could be involved in the recruitment of NSF and a-SNAP onto autophagosomes to mediate the disassembly and/or priming of the autophagosomal SNAREs (Figure 1 ).
Atg8 Family Members and Their Crosstalk with the Fusion Machinery
Several metazoan auxiliary factors that influence the assembly and regulation of the core fusion machinery required for autophagosome-lysosome fusion have been described. Many of them can be placed upstream of the central fusion components. Notably, members of the Atg8 family, with an eminent role of the GABARAP subfamily, target several auxiliary factors to the fusion site. Consistently, deficiency of the GABARAP subfamily in mammals causes severe defects in autophagosomelysosome fusion [5, 6] , pointing to a central role of the Atg8 family members in fusion initiation. The phosphatidylinositol-4-kinase PI4KIIa is recruited to autophagosomal membranes through a specific interaction with GABARAP and GABARAPL2. PI4KIIa generates phosphatidylinositol-4-phosphate (PI4P), production of which is essential for autophagosome-lysosome fusion [31] . It has been speculated that the presence of PI4P on autophagosomes might activate RAB7 and thereby recruit the HOPS complex and the Q a -SNARE STX17 [32] . Alternatively, PI4KIIa might be involved in engaging pleckstrin homology domain-containing family M member 1 (PLEKHM1) to mature autophagosomes [32] (Figure 1) . This large multidomain protein regulates autophagosome-lysosome fusion [5, 33] and interacts in an LIR-dependent manner with the Atg8 proteins, with a preference for the GABARAP subfamily [5, 9, 33] . Interestingly, this preference might partially account for the severe impairment in Parkin-dependent mitophagy in cells lacking the members of the GABARAP subfamily, which correlates with reduced PLEKHM1 recruitment to mitochondria in the absence of the GABARAP proteins but not the LC3 proteins [5] .
In addition to autophagosomes, PLEKHM1 is present on lysosomal and late endosomal compartments, where it appears to act as a multifunctional scaffold to support HOPS complex assembly and/or form a bridge between different organelles. It has been hypothesized that PLEKHM1 could promote the recruitment of the complete HOPS complex to membrane-associated RAB7 through its binding to the HOPS subunits VPS39 and VPS41 [33] , although the latter interaction has recently been challenged experimentally [34, 35] . In particular, it has been shown that PLEKHM1 only binds the HOPS subunit VPS39 and, together with the active form of the GTPase ARL8B, recruits the HOPS hexamer at peripheral lysosomes [35] . Besides binding to ARL8B, PLEKHM1 can simultaneously associate with active RAB7 and thereby promote transient interactions between the two GTPases [35] . Hence, it is attractive to speculate about the presence of a guided HOPS transfer between peripheral ARL8B-positive lysosomes and perinuclear RAB7-positive late endosomes/lysosomes. Notably, a PLEKHM1 mutant unable to bind to ARL8B, but still interacting with RAB7 and VPS39, interferes with autolysosome and endolysosome formation [35] , a finding that also has been observed in PLEKHM1-deficient cells [33] . Taken together, the direct association of PLEKHM1 with both GABARAP and/or other Atg8 proteins on autophagosomes and, for example, RAB7 on the lysosomal membrane could possibly bridge both organelles in cooperation with the HOPS complex.
The large coiled-coil domain protein EPG5 plays a role in SNARE assembly into the trans-SNARE complex at the autophagosome-lysosome fusion site [36] , where it stabilizes the interaction between lysosome-bound VAMP8 and autophagosome-anchored STX17. The association between EPG5 and the SNARE complex greatly enhances the fusogenic capacity of the SNAREs, an effect also described for SM proteins [13] . EPG5 is targeted to late endosomal/lysosomal compartments via direct binding to RAB7, and to autophagosomes through its interaction with LC3 via two intrinsic LIR motifs [36] . Since the binding site for LC3 and RAB7 overlaps, it remains unclear whether these interactions are mutually exclusive or whether EPG5 dimerizes or multimerizes. Nonetheless, it has been suggested that, through this dual binding, EPG5 could function as a tether between late endosomes/lysosomes and autophagosomes [36] (Figure 1) .
The in vivo conjugation of Atg8 proteins to phosphatidylethanolamine requires the oligomerized tripartite ATG5-ATG12-ATG16L1 complex [1] . Interestingly, the yeast Atg5-Atg12-Atg16 complex remains associated with Atg8-containing membranes in vitro by directly binding to lipidated Atg8 via a non-canonical LIR motif present in Atg12, and induces stable membrane deformations and clustering of lipidated Atg8 [37] . It has been proposed that the formation of this protein scaffold and the modulation of the membrane support the tight enclosure of the cargo [37] . In mammals, the ATG5-ATG12 dimer is also found in a complex with tectonin beta-propeller repeat containing 1 (TECPR1), which mutually excludes ATG16L1 [38] . The ATG5-ATG12-TECPR1 complex appears to have a dual role in autophagy, acting at an early and a late step [38, 39] . During the latter, TECPR1 is mainly present on autolysosomes, and it has been suggested to function as a tethering factor between autophagosomes and lysosomes to promote fusion (Figure 1 ), given that TECPR1 depletion causes an accumulation of autophagosomes [38] . It would be interesting to determine whether the ATG5-ATG12-TECPR1 complex has a similar function as the ATG5-ATG12-ATG16L1 complex in inducing local membrane deformation, which might promote membrane contact during fusion.
Atg8 Family Members and Their Role in Autophagosome Trafficking
The need to coordinate lysosomal and autophagosomal bidirectional transport along microtubules to allow their efficient fusion has been demonstrated by various studies, which have been reviewed elsewhere [40] . Briefly, chemical modulation of the cytoskeleton with nocodazole or deletion/overexpression of motor proteins has proven that both actin filaments and microtubules have pivotal roles in organelle motility before and during their fusion. In this regard, it is interesting to note that the members of the Atg8 family were originally identified to bind cytoskeleton structures: LC3 was first described as a subunit of microtubuleassociated proteins (MAPs) [1] , and both GABARAP and LC3 bind directly to tubulin via their amino termini [1] . Elegant livecell imaging studies in HeLa cells demonstrated a high mobility of autophagosomes that largely relies on the accessibility of LC3, since microinjection of anti-LC3 antibodies inhibited autophagosome movement and caused a strong impairment in colocalization of autophagosomes with lysosomes [41] .
So far, only a few adaptor proteins are known to link autophagosomes to the cytoskeleton via LC3 (Figure 1 ). FYVE and coiledcoil domain-containing 1 (FYCO1) mediates kinesin-dependent plus-end movement of autophagic vesicles. FYCO1 was found to associate with Rab7 and to directly interact with LC3A and LC3B in a LIR-dependent manner [42, 43] . FYCO1 deficiency or mutation of its LIR motif caused a defect in the clearance of LC3-positive structures and reduced their co-localization with late endosomal/lysosomal compartments, likely due to impaired autophagosome-lysosome fusion [42, 43] . When overexpressed, FYCO1 competes with the motor adaptor protein Rab-interacting lysosomal protein (RILP) for RAB7 binding [42] . RILP, in a tripartite complex with RAB7 and the cholesterol-sensing RAB7 effector ORP1L, mediates dynein-dependent minus-end movement of endosomes and autophagic vesicles towards the perinuclear region, the site where most of the lysosomal fusion events take place [34, 44] . Moreover, RILP is not only necessary for organelle positioning within the cell, but it also plays an important role in the recruitment and stabilization of PLEKHM1 and the HOPS complex onto lysosomes [34] . In neurons, autophagosomes have to be transported over long distances to reach perinuclear lysosomes. In this context, the JNK-interacting protein JIP1 is a key player, as it functions as a motor scaffold and can promote plus-end as well as minus-end transport, depending on its interaction with either kinesin-1 or dynactin subunits, respectively [45] . Direct binding of JIP1 to LC3 via its LIR motif causes a phosphorylation-dependent switch within JIP1 to a preference for minus-end movement, leading to a steady transport of the autophagosomes to the perinuclear region [45] , and mutation of the LIR motif of JIP1 or depletion of JIP1 impairs autophagosomelysosome fusion in neurons [45] .
Atg8 Family Members and Their Intrinsic Fusogenic Properties
An interesting feature of the Atg8 proteins is their ability to tether liposomes and promote vesicle fusion in vitro, although with different capacities. In mammals, the strongest tethering and fusogenic activities are consistently observed for the GABARAP protein subfamily, while in most studies the ability to tether liposomes and to support vesicle fusion appears to be much lower for the LC3 protein subfamily [46] . The ability to promote membrane tethering and fusion is evolutionarily conserved as it has also been reported for yeast Atg8 [47] . These membranemodulating properties of the Atg8 family members depend on their conjugation to phosphatidylethanolamine, their ubiquitinlike core and importantly their amino-terminal a-helices [47, 48] . Further, the ability of Atg8 proteins to enhance vesicle fusion in vitro is influenced by the lipid composition of the liposomes, especially by the presence of lipids that induce negative curvature [46, 49] . Considering that phagophore elongation in vivo occurs at its highly bent rim and that loss of the LC3 subfamily leads to smaller autophagosomes, one could assume that the capacity of these proteins in membrane modulation might be underestimated in vitro. Interestingly, loss of the GABARAP subfamily causes the opposite phenotype with respect to autophagosomal size [4] and this subfamily has been suggested to function at a later step in autophagy [48] . Also, in the absence of the GABARAP subfamily, autophagosome-lysosome fusion is strongly impaired [5, 6] , possibly as a result of the loss of the described interactions of GABARAPs with NSF, PLEKHM1 and/or PI4KIIa. Considering their high fusogenic activity, however, GABARAPs themselves could support autophagosome-lysosome fusion or autophagosome closure, a prerequisite for the subsequent lysosomal fusion. It has been proposed that the hydrophobic character of the amino-terminal a-helix in GABARAPL2 might allow for it to project into the opposing membrane [48] . Thus, in addition to a tethering function, partial insertion of the mammalian GABARAP peptides into the opposing membrane could locally disturb the lipid bilayer and induce bending of the membrane (Figure 1 ), which in turn would both reduce membrane distance and lower the energy barrier for fusion [14] . Interestingly, Atg8 proteins are still present at least in part on the outer membrane of mature autophagosomes in metazoans [22] , and deletion or mutation of their amino-terminal a-helix leads to an accumulation of autophagosomes in vivo, indicating a defect in autophagosome-lysosome fusion [48] . It should be kept in mind, however, that amino-terminal modifications of Atg8 family members impair interactions with their effectors and therefore the mentioned data are not simple to interpret [8, 10] .
Conclusion and Perspectives
With the experimental evidence highlighted in this review, the classical concept that Atg8 proteins are essential for autophagosome biogenesis might need to be revised, given that autophagosomes can still be formed in the absence of Atg8 proteins or components of Atg8 conjugation systems. Recent studies have shown the importance of Atg8 family members in the positioning of autophagosomes in the proximity of lysosomes and in assisting the assembly of the fusion machinery (Figure 1) . Interestingly, their probable intrinsic fusogenic properties might help to tether opposing membranes and to alter the shape of the lipid bilayer. Therefore, it will be an exciting and challenging task to clarify how Atg8 proteins affect autophagosome-lysosome fusion in vivo and explore whether these proteins have additional functions [7] . In this context, deciphering how the different functions and interactions of the Atg8 proteins are coordinated during fusion will provide crucial information. First indications point towards a role for their phosphorylation in autophagosomelysosome fusion [50] , but other regulatory mechanisms might exist. Moreover, probes specific for particular Atg8 proteins could help to decipher the spatiotemporal contribution of each Atg8 family member during both the formation of autophagosomes and the final maturation and fusion of autophagosomes with lysosomes. Thus, we are just beginning to understand how autophagosomes fuse with lysosomes and vacuoles, and the detailed dissection of this process will not only be important in elucidating the molecular principles of autophagy, but will also provide the knowledge required to eventually intervene in the diseases that result from a defect at this stage of autophagy.
